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Abstract
With the current advancement in micro-and nano-fabrication processes and the
newly developed approaches, wireless implantable devices are now able to meet the
demand for compact, self-powered, wireless, and long-lasting implantable devices
for medical and health-care applications. The demonstrated fabrication advance-
ment enabled the wireless implantable devices to overcome the previous limitations
of electromagnetic-based wireless devices such as the high volume due to large
antenna size and to overcome the tissue and bone losses related to the ultrasound
implantable devices. Recent state-of-the-are wireless implantable devices can effi-
ciently harvest electromagnetic energy and detect RF signals with minimum losses.
Most of the current implanted devices are powered by batteries, which is not an
ideal solution as these batteries need periodic charging and replacement. On the
other hand, the implantable devices that are powered by energy harvesters are
operating continuously, patient-friendly, and are easy to use. Future wireless
implantable devices face a strong demand to be linked with IoT-based applications
and devices with data visualization on mobile devices. This type of application
requires additional units, which means more power consumption. Thus, the chal-
lenge here is to reduce the overall power consumption and increase the wireless
power transfer efficiency. This chapter presents the state-of-the-art wireless power
transfer techniques and approaches that are used to drive implantable devices.
These techniques include inductive coupling, radiofrequency, ultrasonic, photovol-
taic, and heat. The advantages and disadvantages of these approaches and tech-
niques along with the challenges and limitations of each technique will be discussed.
Furthermore, the performance parameters such as operating distance, energy
harvesting efficiency, and size will be discussed and analyzed to introduce a com-
prehensive comparison. Finally, the recent advances in materials development and
wireless communication strategies, are also discussed.
Keywords: implantable wireless devices, wireless power transfer (WPT), coils,
antennas, energy harvesting, SAR, link budget
1. Introduction
For more than 60 years, biomedical implantable device have been available. Earl
Bakken designed and developed for the cardiac pacemaker in 1957, the first transis-
torized biomedicinal implanted device [1]. The most important issues of biomedical
implants, namely patient safety and comfort, have been investigated. The result is a
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reduction in energy consumption and an efficient transfer of energy to the
implanted devices [2]. For implanted devices therefore, the transfer of wireless
energy is an important issue. The power supply is a major technical challenge. If a
battery is to be used due to its limited size and lifetime, an operation must be
performed in a living body to swap the battery [3]. To prevent this invasive opera-
tion, a method of wireless transfer of power from outside the body should be
developed [4]. The recent focus for biomedical applications is on wireless power
transmission (WPT) due to its important benefits, such as facilitating implant
surgery in which we avoid connected cable, improving rechargeable reliability,
increasing healthcare workers and patients’ safety [5]. The potential of WPT tech-
nology will introduce the new generation of safe and efficient medical devices [6].
The development of a system for nerve stimulation, cochlear aids, retinal implants,
infusion pumps, pacemakers, cerebral pacemakers and others, has recently gained
attention by wireless transfer of power (WPT). At the beginning of the 21st cen-
tury, despite its high weight quality, limited lifetime, and chemical effects, certain
applications for medical implanted devices (MID) were operated. The charging
cables also had disadvantages and theoretically required a long time. In the early
21st century [7] Wireless Power Transfer Methods (WPT) received significant
research interest in biomedical implants and neural prostheses Patient tissue safety
is one of the key factors in the WPT design for MIDs. The tissue safety is very much
dependent on the body's EM constitutive parameters: the microwave power den-
sity, the frequency, tissue absorption and the sensitivity of the tissue. The effects of
radio frequency waves cannot immediately be felt (and damages occur) by the
patient as lower-frequency waves penetrate deeper into the tissue offering lower
absorption. The relative allowability and conductivity of the human tissue decreases
and increases with increasing frequencies, thereby increasing tissue absorption.
Microwaves penetrate less and heat the tissue more easily at higher frequencies. The
main tissue safety measure is the specific absorption rate for wireless power trans-
mission applications for MIDs (SAR). When the electromagnetic wave travel
through the tissue, it will penetrate the tissue but part of the wave will be absorbed
by the tissue and get dissipated as heat. The interaction between the electromag-
netic wave and the tissue depends on the dielectric properties of the tissue and the
operating frequency. The amount of power absorbed by the tissue during the
interaction is called specific absorption rate (SAR). The WPT proposed five meth-
odologies: inductive transmission of energy (IPT) and capacitive transmission of
power (CPT) and acoustic transmission of power (APT) in the neighborhood, as
well as middle and remote field (RF) radiation [9]. The inductive links and the radio
frequency are the two types of biomedical links (RF). A short-range communication
chanal that needs a coil antenna in the area of the output source is an inductive
connection. On the other hand, the advantages of RF telemetry are reaching longer
distances and improved information rates. In this regard, research is focused on
implantable medical equipment connected to RF [10].
2. Implantable medical devices
Implantable medical devices have numerous functions that help to replicate
human organ functions (Table 1). Implantable devices can be classified according
to their functions as follows:
1.Implantable stimulator, like cardiac pacemaker, and defibrillator.
2. Implantable measuring system, like capsule endoscopy.
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3.Implantable artificial organs, like artificial heart.
4. Implantable medical devices, like drug pump.
They have many other advantages, apart from the functions of these devices.
It is possible to obtain test data without skin interference, which can reduce skin/
device interaction. They can help cure diseases with external devices, for example
Parkinson's and the normal organs such as heart, retina and cochlea can be
changed with implanted devices. The most efficient approach is direct contact
with organs.
3. Wireless power transfer (WPT)
Wireless Power Transfer Systems (WPT) can be classified as far- and near-field
WPT systems. The WPT system in far field is divided into LASER, photoelectrical,
RF and microwave whereas the inductive, magnetic and capacitive coupling
methods are classified as the near-field. WPT is the main alternative to power-
implantable devices by inductive connection and resonant connection [11].
The method is based on an antennas delivering RF power to a charging device.
The wireless power transfer approaches are shown in Figure 1.
Class Name Function
Implantable simulator Pacemaker Make heart beat by electric current
Brain pacemaker Wake up vegetative state and treat depression
Vibration control Stimulate thalamic and deal with Parkinson’s disease
Implantable measuring Fixed Measuring physiological and biochemistry parameters
Artificial organ Capsule type Diagnosing the digestive tract
Heart Repair or replace the cardiac structure
Brain Simulate the human brain
Cochlea For hearing rehabilitation
Implantable drug delivery Give drug directly
Table 1.
Classification of implantable electronic devices.
Figure 1.
The wireless power transfer methods [11].
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4. Near-field WPT methods
4.1 Capacitive coupling transfer
The capacitive coupling link approach is used to transfer data and power in short
wireless communications to the implanted devices. The basis for this approach is
two parallel plates which behave like condensers. The first plate is attached to the
skin outside of the body; the second plate is implanted inside the body and attached
as shown in Figure 2 to the implanted device. The electric field is used as a carrier
by the capacitive coupling to transfer data and power to the skin which acts as a
dielectric divider between these two plates [12].
In Figure 2, the voltage transmission rate was analyzed as follows: The voltage of
the Vin and the C1 and C2 between the implanted and the outside plates is the
input capacitance equivalent, Cin is the implanted circuits’ input capacitance and RL
is the equivalent “ac” of the loading system's resistance. The corresponding Ceq
condensers are given
Ceq ¼ C1 þ C2 (1)
Assuming Cin << Ceq, then
























Therefore, when XCeq <RL, Vout is maximized. The main drawback of the
method is that the tissue temperature of the plates can be increased, causing patient
discomfort. The human body is also a non-magnetic material. Negligible losses in
the magnetic field indicate that the electrical field is absorbed by human tissue [13].
4.2 Inductive coupling transfer
Inductive coupling transfer is now an attractive technology for the development
of short communication biomedical applications. The magnetic coupling is used as
the communication environment, common to techniques for radiofrequency
Figure 2.
Simplified capacitive coupling transfer [13].
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identification. The most popular way of transmitting power and data to passive
implants [14] is the inductive power transfer between coupling coils, one on the
implant and one outside the body on a reading device. As illustrated in Figure 3, the
coil of the transmitter (TX) is placed adjacent to the skin and is a time variable
magnetic field produced by a power source. This magnetic field induces an
electromotive strength (EMF) inside the receiver (Rx) body that is processed using
an RX system-based silicone rectifier [14]. In order to increase the PTE [8], the Rx
coil should be tuned to the same working frequency as the Tx coil.
In passive systems, the connections have four categories for resonance: the SET
(serial- to parallel) topology (SP), the serial-to-serial (SS) topology and the parallel-
to-parallel (PP) topology as shown on Figure 4. In order to guarantee better effi-
ciency in the transmission of power of the inductive connective transmission, both
sides are tuned with the same resonant frequency f0. In most cases, the principal
circuit (reader) is tuned to series resonance, which gives the transmitter coil an
impedance load which is almost always parallel to the secondary circuit and uses the
LC circuit for driving a load of a not-linear corrective device [15].
The number of loops can be changed in practice based on wiring characteristics
and coil form. A more practical approach consists of the measurement of inductance
at construction and strange turns to achieve the specified inductance. However, a
highly specialized and expensive inductance meter requires accurate measurement
of inductance [15]. In practice, Equation (4) [16] can be used to calculate the
resonance frequency f0. Many formulas can be used to estimate the number of turns
necessary to achieve a specific inductance L. For example, in Table 2, the (N)
Figure 3.
ICWPT system powered by alternative electromotive force (EMF). TX: transmitter coil. RX; receiving coil [14].
Figure 4.
Inductive coupling with four possible resonance circuits [15].
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turnings on the radius of the loop (a), on height of the loop (h), on width of the
loops (b), on width (d), on the loop radius (r) and on magnetic inductivity (L). But




The mutual inductivity (M) and coupling coefficient with LT and LR, as proposed







The resistor R1 is the effective resistance series LT with the SP topology given in
Figure 4 which shows the transferred spindle losses and the power amplifier’s
output resistance, whereas R2 is the effective LR series resistance given in [18] and
in [22]. CT and CR capacitors are used on both sides of the link to create resonance.
The frequency of resonance (Wo) of an LC tank may be calculated for both
















The performance on both sides of the connection should be maximized for high
efficiencies and this can occur when.







Figure 5 shows total efficiency (K2Q1Q2) as a function of increasing efficiency








The resistance of implanted devices is another factor that directly affects overall
efficiency (loaded case). The total efficiency is also raised proportionately with the load
increases, depending on the implanted resistance proposed, according to (10) [24].
Formulas Reference




2rþ ∗ 2:8dð Þ ∗ 103
[20]


















2RLRRLoad þ K2Q1Q2R2Load þQ42Q2LR þ 2Q22RLRRLoad þ R2Load
  (10)
The design of a coil with several possibilities, as outlined in Figure 6, is another
relevant parameter. A first grade between printed spiral coils (PSC) and wounded
coils (WCs) [25] is established. A first classification is given. PSCs are characterized
by high reliability and production ease, especially with micro and nano-production
processes. However, PSCs have a lower quality factor than WWCs [17]. There are
also different key parameters for the two geometries. For a PSC, d0 and di are the
external and internal diameters of the spiral respectively, n is the number of turns
where w and s are both the distance and the distance between them. For solenoid
WWC, else, d is the diameter of the solenoid, constants during n rotations, l is the
length of the driver, d0 is the diameter of the wiring and p is the twisting pitch [9].
4.3 Magnetic resonance coupling
As illustrated in Figure 7, magnet resonance coupling is based on evanescent
wave-coupling which generates and transfers electric energy through various or
varying magnetic fields between the two resonant spins. As two resonant coils are
strongly coupled with the same resonant frequency, high efficacy can be achieved.
The advantage of the magnetic resonance connection are also immunity to the
Figure 5.
Maximum achievable link efficiency as a function of (K2Q1Q2) [23].
Figure 6.
Variants for the coil design: squared printed spiral coil (left), circular printed spiral coil (middle), and solenoid
wire wound coil (right) [9].
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surrounding environment and the need for a free space transfer [26]. The quality
factors are normally high, because magnetic resonance coupling usually works
within the megahertz range. The high quality factor helps to mitigate a sharp
reduction in connection effectiveness and thus loading efficiency, by increasing the
loading distance. As a result, it is possible to extend the effective transmission
power distance to meters [27].
With the declaration of the Wireless Power Consortium (WPC) on extending
the transfer distance from 5 mm to 40 mm in 2012, new research works are
expected to focus on newmagnetic winding schemes and configurations [28]. Based
on the new developments in improving the transfer distance, a new planar design
would be able to charge the devices on desks and tables. To address the poor
transfer efficiency defects of a two-coil energy transfer mechanism, as considered
in [29], midrange WPT techniques, such as relay resonators (Figure 8a), four coils
(Figure 8b), U coils (Figure 8c), domino coils (Figure 8d), array coils (Figure 8e),
and dipole coils (Figure 8f) are proposed in previous studies and fused into future
planar WPT chargers with increased distances or air gaps. Based on these studies,
the transfer distances were 20, 60, 100, 180 (for seven resonator coils), 20, and 500
cm respectively) [30]. Each configurations have superior performance
Figure 8.
Different WPT mechanisms: (a) relay coil; (b) four coils; (c) U-coil; (d) domino coils; (e) dipole coils; and (f)
array coils [30].
Figure 7.
Magnetic resonance coupling [26].
8
Antenna Systems
characteristics than the NRIC in several aspects: (a) better impedance matching
capability to optimize the system power transfer, (b) higher Q-factor enabled by
the primary and secondary coils, which can compensate for the sharp decline of
PTE caused by the reduced coupling coefficient due to the increasing separation
distance and (c) higher bandwidth of operation [31].
5. Far-field electromagnetic systems
As mentioned earlier in this chapter, the main issue in the implanted devices is
the battery due to their bulkiness and limited life time, which make them not
suitable for long term applications. Thus, it is necessary to power up the implanted
device wirelessly through one of the wireless power transfer techniques (i.e. induc-
tive coupling or far-field). Inductive coupling method is used in most conventional
wireless power transmission systems, where the transfer of power depends on the
coupling between pair of adjacent coils. The main issue in this method is the fact
that low frequency electromagnetic waves for power transmission require relatively
large coils. On the other hand, wireless implanted devices need to be compact as
much as possible for making them allowable to be implanted at different parts of
the body (system scalability) and to improve resolution of received signals. This
issue can be addressed by utilizing RF systems in order to miniaturize the implanted
device and improve the wireless communication link. The amount of harvested
power in the RF systems is limited to few hundreds of μW due to the regulation of
transmitted power keeping it under the safe level. It is hence needed to have an
efficient antenna to receive the signal and efficient rectifying and power manage-
ment process in order to provide enough power for high-performance implanted
biomedical devices. Figure 9 illustrates a block diagram of power harvesting plat-
form for a wirelessly powered implanted device [32]. The system design employs an
integrated on-chip loop antenna. The antenna passes the received power to a multi-
stage rectifier to convert it into DC voltage, which is then passed to the power
management unit. It is worth mentioning here that double-gate CMOS transistors
can be used and operated at deep threshold region in order to minimize the power
consumption and reduce the leakage current.
Figure 9.
Block diagram of power harvesting platform for a wirelessly powered implanted device [32].
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5.1 Specific absorption rate (SAR)
When the electromagnetic wave travel through the tissue, it will penetrate the
tissue but part of the wave will be absorbed by the tissue and get dissipated as heat.
The interaction between the electromagnetic wave and the tissue depends on the
dielectric properties of the tissue and the operating frequency. The amount of
power absorbed by the tissue during the interaction is called specific absorption rate









where σ and ρ are the tissue conductivity and volume density, respectively.
When working at near field, the temperature of the tissue will be increased due to
the dissipation of EM at the tissue interface. The rate of temperature change (ΔT)
measured in (°C) depends mainly on SAR and can be given as:
∆T
∆t
¼ SARþ Pm  Pc  Pbð Þ
hc
(12)
where Pm, Pc and Pb are the metabolic heating rates; and hc is the tissue heat
capacity.
There are two SAR standards enforced by IEEE to determine the maximum
allowable power for safe interaction between the electromagnetic wave and the
tissue without causing any damage or harmful interaction. These standards are IEEE
C95.1-1999 standard (SAR1g≤ 1.6 W/kg) and IEEE C95.1-2005 standard (SAR10g≤
2 W/kg).
5.2 Impact of tissue type on antenna performance
As mentioned earlier in this chapter, interaction of the electromagnetic wave
with the tissue depends on the operating frequency and the dielectric properties.
Thus, it is expected that the antenna of the implanted device behaves differently
based on which part of the body the device is implanted as well as depending on the
frequency of the EM. In [33], a dual band flower-shaped antenna is proposed for
wireless implanted devices as shown in Figure 10.
The performance of the antenna at different part of the body was recorded for
both frequency bands as summarized in Table 3 below. It is clearly observed that
the performance of the antenna is changed when placed at different parts of the
body. It was also noticed that the bandwidth is higher at 2.45 GHz frequency band
compared with 928 MHz, however, the gain was smaller. Thus, there is a tradeoff
between the gain and the bandwidth depends on the application of the wireless
implanted device.
Figure 10.
The proposed flower-shaped antenna [33].
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The antenna type play an important role in the wireless implanted system. Thus,
it is important to study different antenna types at different parts of the human body
and compare the performance. In [34], a comparison is made between dipole and
loop antennas, where several dipole and loop antennas were designed as shown in
Figure 11.
Recent study showed that the loop topologies provide higher gain than dipole
topologies with achieving miniaturized size, while dipole antennas exhibits better
impedance matching properties [34]. In addition, the dipole antennas showed a
better ability to increase the gain and less sensitivity changes in tissue structure. The
variation of antenna gain at different parts of the body is plotted in Figure 12 [34]
for both topologies (i.e. dipole and loop).
Another studies investigated the impact of tissue location on the return loss of
the antenna at high frequencies as shown in Figure 13 [35]. It was observed that the
resonant frequency and the bandwidth can be changed by placing the antenna at
another body part such as hand, heart, chest and head.
5.3 Muti-band antennas for wireless implanted devices
In wireless implanted devices, the antenna plays a key role in managing the
communication process as well as the transfer of power. Hence, it is a multi-task
process that require more than one frequency band operating simultaneously. For
example, a frequency band is needed for biotelemetry and another one for power
transfer. In addition, a higher frequency might be needed for wakeup controller.
Since the implanted device is needed to be miniaturized, it is preferable to employ
one antenna that can operate efficiently at more than one frequency.
Homogenous
phantom





















BW (MHz) 197.6 245.3 231.1 600 190 204 249.5 502.5 180 365.4
G (dBi) -28.44 -25.65 -33.67 -29 -27.69 -25.58 -29.74 -22.39 -28.94 -26.37
Table 3.
Summarized performance parameters (bandwidth and gain) of the proposed flower-shaped antenna [33].
Figure 11.
The proposed dipole and loop UHF antennas [34].
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Several recent studies [36, 37] attempted to address the multi-band issue by
designing a dual- or triple-band antennas. In [37], a dual band antenna operating at
915 MHz and 2.45 GHz is designed and fabricated for scalp-implanted devices. The
fabricated meandered line antenna and the experimental setup is shown in
Figure 14. For validation, normally the measurements must of antennas for wireless
implanted devices are carried out in saline solution. Figure 15 presents the simu-
lated and measured return loss of the designed antenna. It is worth mentioning that
the link margin decreases with increasing the transmission range, where the highest
bit rate undergoes larger loss as shown in Figure 16.
Another compact multi-band antenna is proposed in [37]. The implemented
antenna exhibits triple resonance behavior due to the employment of spiral struc-
ture. The antenna can be operated at 433.1–434.8 MHz, 1520–1693 MHz and 2400–
2483.5 MHz. The fabricated triple-band spiral antenna and the experimental set up
is depicted in Figure 17. In addition, Figure 18 illustrates the SAR values for all
frequency bands.
Some studies in literature has proposed different frequency band [38]. Figure 19
shows the return loss of the designed antenna showing the three resonant frequen-
cies and the bandwidth for each band.
5.4 Employing RFID antennas in wireless implanted devices
Some studies proposed the use of near-field inductively coupled implanted
devices operating at low frequencies with two antennas (implanted and wearable);
Figure 12.
Power gain (G) of both topologies at different tissue locations [34].
Figure 13.
Variation of resonant frequency and bandwidth at different parts of human body [35].
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and an additional far-field antenna for the off-body data transmission system. RFID
approach is suggested in [39], where the implant part carries a backscattering
microsystem. On the other hand, the wearable antenna (outer ring) serves as the
radiating part for the off-body data communication as shown in Figure 20.
One of the biggest challenges of the far-field antennas that are used in implanted
devices is the large size of the antenna, which should proportional to the wave-
length of the electromagnetic waves. In this application, the implanted device needs
Figure 15.
Simulated and measured return loss [36].
Figure 16.
Variation of link margin with communication distance for different bit rates [36].
Figure 14.
Fabricated antenna and experimental set up [36].
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to as small as possible, thus, it is important to design miniaturized antennas with
acceptable efficiency. To address this issue, a compact electromagnetic antenna
array with dimensions around 200 μm can be utilized as reported in [40]. The
proposed antenna system can harvest electromagnetic energy to power up the RFID
Figure 17.
The Fabricated triple-band spiral antenna and experimental set up [37].
Figure 18.
Simulated averaged SAR surface (top row) and coronal (bottom row) distributions over 1-g of tissue in an
anatomical human head model [37].
Figure 19.
Simulated and measured return loss for the designed triple-band antenna [38].
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system. In addition, the antenna array can sense the neuronal magnetic fields. The
overall wireless implantable NanoNeuroRFID system is shown in Figure 21.
5.5 Antenna alignment in wireless implantable devices
One of the common challenges in wireless implanted systems is the
misalignment in radiation direction and polarization. This issue can be easily
addressed by increasing the transmitted power, however, there are safety risks
limiting the amount of incident power. Utilizing circularly polarized antennas can
only solve the problem of polarization misalignment keeping the radiation direction
unaddressed. Thus, researcher paid significant efforts to design a universal solution
for the aforementioned issues. One of the solutions is proposed in [40], where the
harmonics yielded by the nonlinearity of rectifiers were exploited to align the
Figure 20.
Implantable and wearable antenna prototypes for brain RFID system [39].
Figure 21.
Wireless implantable NanoNeuroRFID system reported in [39].
Figure 22.
Proposed intermodulation-based system for addressing the misalignment [40].
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transmitting and receiving antennas effectively. In this approach, two-tone (2T)
waveform excitation is utilized to improve the rectification as well as to generate
intermodulation as shown in Figure 22.
6. Summary
This chapter highlighted the basic structure of wireless implanted devices and
focused on the various methods that are utilized in designing implanted devices.
Near-field coupling techniques such as capacitive, inductive and magnetic reso-
nance were discussed in details. The main focus in this chapter was on the employ-
ment far-field antennas, were the impact on the human body on the antenna
performance. Different types of antennas were discussed and analyzed as well as
the allowed safe power levels. The utilizing of RFID technology in wireless
implanted device were presented in discussed. Finally, new alignment techniques
for the antennas of implanted devices were introduced.
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